Analiza podsystemu dystrybucji wody w zakładzie wodociągowym "X" w świetle jego strat
Introduction
The issue of water losses has been encountered in all the countries in the world. It is a highly complex problem requiring increased activities and researching the solutions allowing for a successful water loss prevention. The issue of complete water losses is complex and comprises the real and apparent water losses. The notion of the real water losses refers to the leakage on the fittings, connections and the installation itself. The apparent water losses are the mistakes stemming from the imprecise water use measurements. Generally, water loss means the total of the real and the apparent losses. The notion of the Non-Revenue Water Basic (NRWB) is the differential between the amount of the produced water and the amount of the water sold, with the water used for own purposes considered. Waterworks should aim at the strict monitoring of water from the source to the final customer. The finances spent by companies on water treatment and making it fit for consumption are higher and higher which is related to the quality of the obtained water. So-called "invoiced" water, i.e. the registered discharge of water from the water access points located behind the water meter sets constitutes the waterworks' income [1] . Apart from the adverse economic aspect, water losses contribute to indirect environmental degradation associated with the declining drinking water resources worldwide. Therefore, the elimination and maximum reduction of losses, has a positive influence on the financial condition of the waterworks and contributes to the protection of the natural water resources [2, 3] .
The correct determination of water losses is complex and requires reliable knowledge of the waterworks being analysed. The knowledge of the specificity of the plant's operations, the nature of the site in which it is located, the quantity and type of the material the water supply system is built from, and the frequency and the nature of failures are some of the very important information to be learned before undertaking any water loss analysis in the plant [4] . Many plants seek to reduce or eliminate leaks from the water supply, however, not always it is done satisfactorily well so as to achieve the expected results. It is therefore important to make extensive analyses based on different methods of balancing water quantities and numerous water loss indicators. In many countries, also in Poland, there are numerous studies on how to optimise the water supply systems for limiting water losses and enhance the support systems [5] . At the moment, the International Water Association, considered the pioneer in the field, has developed a methodology for conducting water loss calculations based on which reliable assessment of the water supply network is obtained. The application of a uniform calculation methodology allows to some extent to compare the companies in terms of indicators included in the study [5, 6] .
This article aims to present the issue of water loss based on the analysis performed for the "X" company distribution system. The analysis was based on the recommended IWA guidelines and the percentage loss of water, which allowed for an objective evaluation of the system. A comparison of the obtained results with the ones received from the plant, whose analysis is only based on the percentage loss index, has also been made.
Subject of research
The subject of the analysis is the "X" waterworks located in north-western Poland, the supply source of the system is 14 deep wells. The complete analysis of water losses was possible thanks to the cooperation it was based on with the plant from which the necessary information and data were obtained.
On the basis of the data, a summary of the materials from which the water supply system is constructed was made. The results are presented in Figure 1 . Fig. 1 . Materials used to build a water supply system [7] According to Figure 1 , it can be stated that the most abundant material is cast iron, the second is PE followed by PVC and spheroidal cast iron. Less than 5% of the network constitutes asbestos cement. According to the plant's policy, the most frequently failing sections of the water supply system are exchanged. Figure 2 shows the age structure of the exploited network. Unfortunately, the company does not have information on the period of the average use of systems built from the particular material. Water supply system age structure [7] Analysing Figure 2 , it can be observed that about 60% of the network is operated for from 26 to over 50 years. Referring to Figure 1 and general technical knowledge, it can be concluded that the networks made of cast iron, asbestos cement and steel are the oldest. Long service life makes the above-mentioned materials the most prone to breakdowns and leaks. The corrosive effect of water can cause multiple leaks, thus causing unregistered water outflows, which in combination with highly permeable soils creates leaks that are particularly difficult to detect. In the range of 10 to 26 years, the materials are: spheroidal cast iron, hobas, PE and PVC, which are modern materials more resistant to corrosive effects of water, and other external factors.
Waterworks "X" operates a total water supply network of 315.62 km, supplying water to 7251 facilities. Detailed information on the water supply network of the enterprise under consideration is presented in Tables 1 and 2 . As shown in Table 1 , the length of distribution networks and connections is systematically increasing in the enterprise. This is also a trend observed in other waterworks in Poland. The length of the main systems, however, remains the same throughout the period under consideration. Table 2 presents the information on the water balance of the plant in question. Analysing the years 2010-2015, a downward trend is observed starting from the amount of water produced, the amount of which decreased to over 393 thousand m 3 . Also, the decrease in own water consumption by about 45.00%, and the loss of water by 180 thousand m 3 can be noticed.
Brief characteristics of water loss indicators
The objective assessment of water loss and water supply system according to the IWA guidelines is dependent on a reliable water loss balance and a number of indicators presented below.
The percentage loss of water (WS) allows to calculate what portion of water with respect to the water supplied to the network constitutes a loss. Due to its simple way of determining it is the most commonly used indicator. It can be determined from the formula [5, [8] [9] [10] [11] :
where: V sup -produced water (supplied to network), m 3 ·year -1 , V los -water losses, m 3 ·year -1 .
Real Leakage Balance Indicator (RLB) is used in order to determine the amount of water loss, taking into account the number of water connections. The RLB is calculated according to the number of connections per kilometre of the water supply network. For the enterprise under, therefore, the calculation was made according to the formula [5, [8] [9] [10] [11] [12] :
where L pw -number of network connections, items.
Non-Revenue Water Basic Index (NRWB) is used to eliminate own overconsumption of water. This gives more accurate results. Calculations are made according to the formula [5, 6, [8] [9] [10] [11] :
where V sol -sold water, m 3 ·year -1 .
Unavoidable Annual Real Losses Indicator (UARL) -unavoidable losses represent the annual loss of water in distribution systems. It is the amount of water lost due to the very difficult leakage detection and the economically unjustified liquidation of some of them. To calculate the index, the below formula is used [8] : Infrastructure Leakage Index (ILI) is used to provide a real loss multiplies with reference to the minimum level that can only be obtained in a properly operated water distribution subsystem [6, 8, 10] : The assessment of the water supply network was made by comparison of the calculated ILI value for the distribution subsystem with the ranges in Table 3 . The results are shown in Figure 7 .
Results
The water loss analysis in the "X" waterworks used the percentage water loss index and the IWA recommendations. The previously mentioned methods were described in Section 2 and also in other articles [1, [5] [6] [7] [8] [9] [10] [11] [12] . Figure 3 shows the distribution of the percentage water loss during 6 years of the waterworks operation. Fig. 3 . Percentage water loss indicator [7] The period in question is characterised by a decrease of the percentage water loss indicator from 15.61% recorded in 2010 to 12.69% in 2015. The increase of the percentage to 16.00% in 2012, according to the information provided by the enterprise was related to numerous network failures due to mechanical damage. Figure 4 presents the results of the calculation of dm 3 number of water loss for one water connection per day (RLB2). Figure 4 shows a systematic decline in RLB2, which in 2010 equalled 274.80 dm 3 ·d -1 ·water connection -1 , and within six years decreased to 195.04 dm 3 ·d -1 ·water connection -1 , which proves the effectiveness of the leakage prevention in the plant. As in the case of the percentage loss indicator, the increase in value in 2012 was observed as compared to the previous year. Fig. 4 . Real Leakage Balance Indicator (RLB2) [7] Taking into account the number of connections greater than 20 per kilometre of the water supply network, the downward trend is observed, similar to that of the percentage loss indicator. The period considered is characterised by a decrease in the value of the indicator by approximately 29%. Taking into account the higher density of network connections, it is a satisfactory result.
In further analysis, the calculation of the Non-Revenue Water Basic Index (NRWB) was performed. The results are shown in Figure 5 . Fig. 5 . Non-Revenue Water Basic Index (NRWB) [7] In 2010, over 25.00% of the volume of produced water did not constitute the enterprise's income. It is a great value proving the necessity of efforts to eliminate the losses and improve the situation of the plant. In the following years, the value of the indicator has fallen to 18.66%, which is a decrease of 6.88%.
Performing a water loss analysis based on the IWA guidelines, it is necessary to calculate the Unavoidable Annual Real Losses Indicator (UARL). The calculation values are shown in Figure 6 . Fig. 6 . Unavoidable Annual Real Losses Indicator (UARL) [7] As observed, the indicator's increase is similar in the following years. Between 2010 and 2015 an increase in the value of the index is noticed, from 141.16 to 156.03 thousand m 3 ·year -1 . The increase in the value is related to the increasing length of the water supply network in the analysed period.
Based on the results of the analysis, the calculations of the Infrastructure Leakage Indices (ILI) were made. Figure 7 shows the distribution of ILI values for the analysed period. Figure 7 shows the distribution of the indicator's values over a 6-year period. At this time, the the enterprise effectively reduced the ILI rate from 4.93 recorded in 2010 to 3.31, thus changing the water supply system ratings based on the IWA guidelines from the inadmissible to very poor network conditions. The graph also indicates the levels of the individual network ratings according to IWA.
Conclusions
The comparison of the results obtained during the percentage loss indicator calculations with the results obtained after the full analysis of water losses, illustrates large discrepancies between these methods. It should be noted that the average pressure in the waterworks system is 35 mH 2 O. According to the results of the calculations presented in Figure 3 , the waterworks in 2015 recorded a WS indicator value of 12.69%, which could seem to be a very good result. Only after a deeper analysis and calculation of the ILI can we get the information on the state of the network, which is considered very poor by the IWA guidelines, as reflected in Figure 7 (2015) . In earlier years, the condition of the network was estimated as inadmissible. Already at the NRWB indicator calculation stage (Fig. 6) , the information is received that over a quarter of the water in 2010 did not constitute income for the enterprise, which allows to observe a considerable difference between the NRWB and the percentage loss indicators.
The analysis illustrates large discrepancies between the percentage indicator and other methods. It shows how important it is to perform a fuller analysis using multiple indicators. It is only after collecting a sufficiently large amount of infor-mation about the company under consideration that a reliable and valid analysis of water losses can be made [3, 12] .
The analysed waterworks continues to largely (around 60%) exploit old networks made of materials such as cast iron, asbestos cement or steel, i.e. corrosive materials prone to damage. The fight against water losses in the plant mainly consists in replacing the oldest and most emergency-prone sections of the network and connections.
In order to improve the condition of the plant, further modernisation of the system is necessary, additional metering of the water supply system should be installed, and the designation of zones in the system would allow for more accurate pressure control [1, 5, [9] [10] [11] [12] [13] [14] .
